Wnt/β-catenin signaling controls intestinal stem cell (ISC) proliferation, and is aberrantly activated in colorectal cancer. Inhibitors of the ADP-ribose polymerase Tankyrase (Tnks) have become lead therapeutic candidates for Wnt-driven cancers, following the recent discovery that Tnks targets Axin, a negative regulator of Wnt signaling, for proteolysis. Initial reports indicated that Tnks is important for Wnt pathway activation in cultured human cell lines. However, the requirement for Tnks in physiological settings has been less clear, as subsequent studies in mice, fish and flies suggested that Tnks was either entirely dispensable for Wntdependent processes in vivo, or alternatively, had tissue-specific roles. Here, using null alleles, we demonstrate that the regulation of Axin by the highly conserved Drosophila Tnks homolog is essential for the control of ISC proliferation. Furthermore, in the adult intestine, where activity of the Wingless pathway is graded and peaks at each compartmental boundary, Tnks is dispensable for signaling in regions where pathway activity is high, but essential where pathway activity is relatively low. Finally, as observed previously for Wingless pathway components, Tnks activity in absorptive enterocytes controls the proliferation of neighboring ISCs non-autonomously by regulating JAK/STAT signaling. These findings reveal the requirement for Tnks in the control of ISC proliferation and suggest an essential role in the amplification of Wnt signaling, with relevance for development, homeostasis and cancer.
INTRODUCTION
The Wnt/β-catenin signal transduction pathway regulates intestinal stem cell (ISC) self-renewal in mammals, whereas conditional inactivation of Wnt signaling results in the loss of intestinal proliferative crypts and associated ISCs (Fevr et al., 2007; Ireland et al., 2004; Korinek et al., 1998; van Es et al., 2012) . Conversely, the aberrant activation of Wnt signaling triggers development of the vast majority of colorectal carcinomas Morin et al., 1997) . Despite our relatively detailed understanding of essential steps in Wnt pathway activation (Clevers and Nusse, 2012; MacDonald et al., 2009) , the identification of clinically effective small-molecule inhibitors to treat Wnt-driven cancers has been challenging (Lum and Clevers, 2012) . Therefore, the discovery that the ADP-ribose polymerase Tankyrase (Tnks) targets Axin, a negative regulator of Wnt signaling, for proteolysis was a breakthrough (Huang et al., 2009) . Small-molecule Tnks inhibitors that disrupted Wnt signaling in cultured human cells (Chen et al., 2009; Huang et al., 2009; Lau et al., 2013; Waaler et al., 2012) and reduced the growth of colonic adenomas in mouse models (Lau et al., 2013; Waaler et al., 2012) have been identified, suggesting a promising new strategy for the treatment of Wnt-driven cancers.
However, the requirement for Tnks in physiological settings has remained less clear, because in vivo studies suggested either that Tnks was dispensable for Wnt-dependent processes, or conversely, that Tnks had tissue-or stage-specific roles. For example, in flies, genetic inactivation of Tnks resulted in no Wingless-dependent developmental phenotypes unless Axin was simultaneously overexpressed at levels high enough to abrogate Wingless signaling (Feng et al., 2014) . Similarly, no defects in Wntdependent processes were observed after treatment of fish with Tnks inhibitors during embryonic development (Huang et al., 2009 ), but these inhibitors disrupted the regeneration of adult fins following injury (Chen et al., 2009; Huang et al., 2009) , a process that is dependent on Wnt and several other signaling pathways (Wehner and Weidinger, 2015) . Finally, functional redundancy exists between the two Tnks homologs in mice (Chiang et al., 2008) and double mutants displayed embryonic lethality, but no overt Wnt-related phenotypes (see also Discussion in Qian et al., 2011) . However, a mutation in mouse Axin2 that is predicted to disrupt Tnks-dependent ADP-ribosylation paradoxically resulted in both hyperactivating and inhibiting effects on Wnt signaling in the primitive streak that were dependent on developmental stage. These opposing effects were also observed following treatment with Tnks inhibitors, suggesting complex roles in embryonic development (Qian et al., 2011) . The mechanistic basis for these disparate effects of Tnks inhibition in the different in vivo models remains unknown.
In this study, we have focused on the function of Tnks in the adult Drosophila midgut, which, because of its simplicity and similarity to the vertebrate intestine, has emerged as a powerful model for studying intestinal homeostasis, regeneration and tumorigenesis . The activation of the Wingless pathway is graded along the length of the adult intestine, peaking at each of the boundaries between compartments and present at lower levels within compartments (Buchon et al., 2013; Tian et al., 2016) . During homeostasis, Wingless signaling regulates ISC proliferation (Buchon et al., 2013; Tian et al., 2016) . Here, we demonstrate that the regulation of Axin by Tnks is required for the control of adult ISC proliferation. Importantly, we find that Tnks is essential for Wingless target gene activation within regions of the gut where the Wingless pathway is activated at relatively low levels, but dispensable where Wingless pathway activity is high. Our findings suggest that, like Wingless pathway components, the role of Tnks is crucial for the non-autonomous control of Janus kinase/ signal transducer and activator of transcription (JAK/STAT) signaling in ISCs, and thereby essential to maintain intestinal homeostasis. Our findings provide the first in vivo evidence using null alleles that regulation of Axin by Tnks is essential for Wingless target gene activation under physiological conditions. The requirement for Tnks is spatially restricted within the graded range of Wnt pathway activation, suggesting that the contextdependent requirements for Tnks reflect an essential role in the amplification of signaling following Wnt stimulation.
RESULTS

Tnks is essential for control of ISC proliferation in the adult midgut
Fly genomes encode only one Tnks, which is highly conserved; the overall similarity between the Drosophila melanogaster and human TNKS1 and TNKS2 proteins is 79% (Fig. 1A) . Like the human TNKS proteins, the single Drosophila Tnks contains five Ankyrin repeat clusters (ARC), a sterile α motif (SAM) and a poly(ADPribose) polymerase (PARP) domain (Fig. 1A) (Sbodio et al., 2002; Smith et al., 1998) . ARC2, ARC4 and ARC5 in the mammalian TNKS proteins, which bind axin directly (Morrone et al., 2012) , share between 91% and 93% similarity with the corresponding fly Tnks ARCs, suggesting evolutionary conservation in function.
To examine Tnks function in vivo, we isolated Drosophila Tnks mutants using either imprecise excision or hybrid element insertion (Pare et al., 2009; Parks et al., 2004) of transposons flanking the Tnks gene. We identified two alleles: Tnks 503 , a deletion that eliminates the Tnks transcription and translation initiation sites and Tnks 19 , a deletion that eliminates the Tnks gene entirely (Fig. 1B ). Both alleles are null, as revealed by immunoblots of larval lysates using a Tnks antibody (Fig. 1C) . Although TNKS function is essential for viability in mice, Tnks null mutant flies were viable, eclosed at a normal rate and displayed no external morphological defects under standard lab conditions, consistent with previous findings (Feng et al., 2014) . However, by comparison with controls, Tnks mutant adults displayed markedly increased mortality when fed only water supplemented with sucrose ( Fig. 1D ).
We postulated that the high mortality in Tnks mutants might arise from digestive tract defects that compromised their ability to absorb nutrients and thus examined their guts to address this possibility. In the Drosophila midgut, the ISCs give rise to two types of daughter progenitors, the undifferentiated enteroblast (EB) and the preenteroendocrine ( pre-EE) cell (Beehler-Evans and Micchelli, 2015; Biteau and Jasper, 2014; Micchelli and Perrimon, 2006; Ohlstein and Spradling, 2006; Zeng and Hou, 2015; Zielke et al., 2014) . EBs and pre-EEs differentiate into absorptive enterocytes (ECs) and secretory enteroendocrine (EE) cells, respectively. We identified midgut progenitor cells by their expression of the transcription factor escargot (esg) (Micchelli and Perrimon, 2006) . In controls, progenitor cells were distributed evenly along the length of the midgut, as revealed by the esg-Gal4, UAS-GFP (esg>GFP) reporter ( Fig. 2A-C) . By contrast, Tnks null mutants displayed a markedly increased number of progenitor cells compared with controls, an effect that was most pronounced in the posterior midgut ( Fig. 2D-F) . Furthermore, multi-cell clusters of progenitor cells were detected frequently in Tnks mutants, but not in controls (Fig. 2D-F, arrows) .
To distinguish ISCs from the other progenitor cell types, we stained wild-type or Tnks mutant midguts with the ISC-specific marker Delta (Dl) (Ohlstein and Spradling, 2007) . We observed a marked increase in the number of ISCs in the midguts of Tnks mutants compared with wild-type flies ( Fig. 2G-M) . Notably, the increase in the number of progenitor cells in Tnks mutants became more severe with age. For example, by 14 days after eclosion, there was a large increase in the number of esg>GFP + cells in the midgut of Tnks mutants compared with controls (Fig. S1A,C) . Immunostaining with phospho-histone H3 (pH3) antibody revealed a significant increase in pH3 + cells in Tnks mutant midguts, indicating increased numbers of cells undergoing mitosis ( Fig. 2N and Fig. S1B,D) . Together, these findings indicate that loss of Tnks results in an aberrantly increased rate of ISC proliferation, and consequently, an increased number of progenitor cells in the adult midgut.
To determine whether Tnks is essential for regulating ISC proliferation during adulthood, we used the MARCM (mosaic analysis with a repressible cell marker) technique (Lee and Luo, 2001) to induce marked clones of either wild-type or Tnks mutant cells. We excluded transient clones by restricting our analysis to clones in the posterior midgut that contained two or more cells. When wild-type clones were induced on the day of eclosion and analyzed 4 days later, only 3.6% of the clones contained more than three cells (Fig. 3A,C) . By contrast, the proportion of multi-cell clones (n>3) increased significantly following Tnks inactivation, to 22.7% (Fig. 3B,C) . To address the possibility that the increased number of ISCs in Tnks mutants resulted from a block in their differentiation, we stained Tnks mutant clones for the presence of EBs, ECs and EE cells with the cell type-specific markers Suppressor of Hairless (Su(H)-lacZ), Pdm1 and Prospero, respectively (Lee et al., 2009; Micchelli and Perrimon, 2006; Ohlstein and Spradling, 2006) . We found that EBs, ECs and EE cells were all present within Tnks mutant clones, indicating that Tnks is not essential for epithelial cell differentiation in the midgut (Fig. 3D-L) . Therefore, Tnks is dispensable for cell differentiation, but essential for the control of ISC proliferation during homeostatic conditions in the adult gut.
A spatially restricted requirement for Tnks within the graded activation of the Wingless pathway promotes signaling in the adult midgut
Wingless signaling was initially proposed to maintain the ISC population by preventing differentiation (Lin et al., 2008) . However, 
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more recent studies have revealed that the activation of Wingless signaling in ISCs had only mild effects on tissue self-renewal under basal homeostatic conditions, but had a major role in the response of ISCs to injury (Cordero et al., 2012; Lee et al., 2009) . Recently, we reported the role of Wingless signaling in intestinal homeostasis during early adulthood . Our findings, based on null alleles and RNAi-mediated knockdown of multiple Wingless pathway core components, revealed that the activation of the Wingless pathway in ECs non-autonomously inhibits ISC proliferation under basal conditions during intestinal homeostasis. Therefore, we hypothesized that defects in the regulation of ISC proliferation observed in Tnks mutants could have resulted from inhibition of Wingless signaling. To test this hypothesis, we compared the effects of inactivation of either the essential Wingless signaling transcription cofactor Pygopus (Pygo) (Kramps et al., 2002; Parker et al., 2002; Thompson et al., 2002) or Tnks under identical conditions in the adult intestine. Consistent with the results from Tnks mutant clones induced at the same stage, the percentage of multi-cell pygo null mutant clones increased significantly compared with wild-type control clones and was even greater than that observed in Tnks mutants (Fig. 3C ). These findings support the hypothesis that the increased number of ISCs in Tnks mutants resulted from inactivation of Wingless signaling within intestinal compartments.
To further test the hypothesis that Tnks promotes Wingless signaling in the adult intestine, we analyzed reporters for the Wingless pathway target genes naked (nkd) and frizzled 3 ( fz3) (Olson et al., 2011; Sato et al., 1999; Sivasankaran et al., 2000; Zeng et al., 2000) . Previous studies revealed that the nkd-lacZ and the fz3-RFP reporters are expressed in overlapping regional gradients along the length of the adult intestine and indicated that Wingless pathway activity is highest at all the major boundaries that exist between compartments (Fig. 4A ,B) (Buchon et al., 2013; Tian et al., 2016) . Both reporters also revealed that Wingless pathway activity gradually diminishes to a low level with distance from the boundaries and is maintained at low levels throughout midgut compartments . Furthermore, both reporters are expressed in ECs, and this expression is completely lost upon inactivation of Wingless signaling (Fig. 4C-J and Fig. S2E-L) . Fz3-RFP is also expressed in ISCs but this expression is independent of Wingless signaling in nearly all ISCs during homeostasis (Fig. S2A-D) . Thus, this previous work revealed that ECs are the primary cell type in which the Wingless pathway is activated under basal conditions during homeostasis.
To determine whether Tnks promotes Wingless signaling in the adult midgut, we tested whether the activation of Wingless target gene expression is dependent on Tnks. Using clonal analysis, we found that within compartments, where Wingless signaling activity is relatively low, nkd-lacZ expression was lost in Tnks mutant ECs (Fig. 4K-M) . However, at the compartment boundaries, where Wingless pathway activity is high, the expression of nkd-lacZ was lost in dsh mutant cells (Fig. 4G-J) , but retained in Tnks mutant cells ( Fig. 4N-P) . Spatial analysis of Tnks mutant clones revealed that Tnks was required for nkd-lacZ expression in ECs that were away from the midgut/hindgut boundary, but was dispensable for nkd-lacZ expression in ECs near the boundary, where Wingless pathway activity is high (Fig. 4Q) . Similar results were obtained with the fz3-RFP reporter ( Fig. S2E-T) . These results indicated that within the intestinal epithelium, Tnks is essential for signaling in regions with relatively low pathway activation, but not required for Wingless target gene activation in regions with high levels of Wingless pathway activation.
Regulation of Axin by Tnks controls ISC proliferation
Together, these findings demonstrate that similar defects in regulation of ISC proliferation arise from inactivation of either Tnks or Wingless pathway components and provide the first evidence using null alleles that Tnks is important for the activation of Wingless target genes in a physiological context. We next tested whether this role of Tnks in promoting Wingless signaling reflects its negative regulation of Axin levels in vivo. However, the existing Axin antibodies did not allow detection of endogenous Axin in immunoblots, which was a presumed consequence of the very low Axin concentration (Tolwinski et al., 2003; Willert et al., 1999) . We therefore generated a new antibody, which enabled sensitive detection of endogenous Axin; its specificity was demonstrated by the loss of Axin signal in lysates from Axin (Axn) null mutant larvae rescued to viability by a higher molecular weight Flag-Axin fusion protein (Fig. 5A) . Using this antibody, we detected increased levels of Axin in lysates from Tnks mutant midguts compared with the wild type (Fig. 5B) , consistent with the hypothesis that Tnks promotes Axin degradation in vivo.
Therefore, we sought to determine whether the overproliferation of ISCs in Tnks mutants resulted from increased Axin levels. We reasoned that if this were true, reduction of the Axn gene dosage might suppress the increased number of progenitor cells present in Tnks mutants. Indeed, the number of progenitor cells was restored to almost wild-type levels in Tnks mutants upon reduction of the Axn dosage by one-half (Fig. 5C-F) . Consistently, reduction of the Axn gene dosage suppressed the proliferation of ISCs, as indicated by the reduced number of pH3 + cells (Fig. 5G) . We also tested whether reducing the Axn gene dosage by half would suppress the aberrantly increased size of Tnks mutant clones. Because the Tnks and Axn genes are located on the same chromosomal arm, we performed this analysis by introduction of one copy of a BAC-Axin-V5 transgene, in which Axin is expressed from its endogenous promoter (Gerlach et al., 2014) , in Tnks and Axn double-null mutant clones. We found that the size of Tnks mutant clones was decreased significantly when the Axn gene dosage was reduced (Fig. 5H) . These findings further support the hypothesis that increased Axin levels resulting from loss of Tnks inhibit Wingless signaling in vivo and thereby result in ISC overproliferation. 
Regulation of Wingless signaling by Tnks in ECs nonautonomously controls proliferation of neighboring ISCs
Our previous work revealed that under basal homeostatic conditions, the Wingless pathway is activated primarily in ECs and that inactivation of Wingless signaling in ECs resulted in the overproliferation of neighboring ISCs in a non-autonomous manner . Therefore, we sought to determine whether the loss of Tnks, like that of other Wingless pathway components, non-autonomously promotes the proliferation of neighboring ISCs. We induced either wild-type control clones or Tnks mutant clones during adulthood and identified progenitor cells with the esg-lacZ reporter. In wild-type clones, progenitor cells were distributed evenly along the midgut (Fig. 6A-C) . However, in Tnks mutant clones induced at the same stage, an aberrantly increased number of wild-type progenitor cells was present in proximity to the mutant clones (Fig. 6D-F,J) . Similar results were obtained when pygo mutant clones were induced in adulthood (Fig. 6G-J) , supporting the hypothesis that loss of Tnks results in the inactivation of Wingless signaling. By contrast, no defects were observed when Tnks mutant clones were induced during pupation and analyzed at eclosion (Fig. S3) . Together, these findings raised the possibility that the increase in ISCs caused by loss of Tnks resulted from inactivation of Wingless signaling in neighboring ECs. To directly test this hypothesis, we disrupted Tnks function specifically in either ECs or progenitor cells using RNAi-mediated Tnks knockdown. We used Myo1A-Gal4 or esg-Gal4 and the temperature-sensitive Gal4 repressor Gal80 ts (McGuire et al., 2004 ) (together referred to as Myo1A ts -Gal4 or esg ts -Gal4) to induce the temporal knockdown of Tnks in either ECs or progenitor cells, respectively (Jiang et al., 2009; Micchelli and Perrimon, 2006) . On the day of eclosion, flies were shifted to the restrictive temperature (29°C) for 7 days and midguts were analyzed subsequently. As reported previously (Ohlstein and Spradling, 2006) , ISCs and EBs were identified by their smaller size, high level of membraneassociated Armadillo/β-catenin, and lack of nuclear Prospero staining (which was used to distinguish pre-EE and EE cells from ISCs) (Fig. S4) . Compared with controls (Fig. 7A,D) , knockdown of Tnks in ECs resulted in an increased number of progenitor cells, which is consistent with overproliferation of ISCs (Fig. 7A-B′,D) . Indeed, the number of pH3 + cells increased significantly in these animals compared with controls, further supporting the conclusion that inactivation of Tnks in ECs results in the non-autonomous overproliferation of ISCs (Fig. 7E) . By contrast, no defects were observed when Tnks was knocked down in progenitor cells (Fig. 7C,D) . The same findings were observed with a second, independently derived Tnks RNAi line (Feng et al., 2014) , ruling out the possibility of RNAi off-target effects (Fig. 7D,E and Fig. S5A-B′) . As reported previously, disruption of Wingless signaling specifically in ECs, through RNAi-mediated knockdown of essential components of the Wingless pathway, similarly leads to an increased number of ISCs, whereas their knockdown in progenitor cells has no observed effect (Fig. S5C-D′) .
To further test the importance of Tnks function in ECs for the non-autonomous regulation of ISC proliferation, we expressed a Tnks-HA transgene in ECs using the Myo1A-Gal4 driver. Quantification of Delta (Dl) + ISCs revealed that expressing Tnks-HA in ECs is sufficient to suppress the increased number of ISCs in Tnks mutants (Fig. 7F) . As expected, the increase in pH3 + cells was also suppressed by the expression of Tnks-HA in ECs (Fig. 7G) . Together, these results further supported the conclusion that Tnks loss inactivates Wingless signaling in ECs, and thereby results in the non-autonomous induction of ISC overproliferation.
Non-autonomous control of JAK/STAT signaling in ISCs by Wingless pathway activation in ECs requires Tnks
To test the possibility that loss of Tnks results in midgut apoptosis, thus causing compensatory overproliferation of ISCs, we stained Tnks mutant midguts with an antibody against the cleaved Dcp-1 caspase. The specificity of the Dcp-1 antibody was confirmed by staining the midguts of control flies expressing rpr (reaper) in ECs (Fig. S6A-D′) . However, no ectopic expression of Dcp-1 was observed in Tnks mutants (Fig. S6E-F′) , ruling out the presence of aberrant apoptosis.
Thus, we hypothesized that inactivation of Tnks in ECs resulted in the aberrant activation of unknown signal transduction pathway(s) in neighboring ISCs, and thereby induced their overproliferation. Previous studies had revealed that several signal transduction pathways are important to control ISC proliferation, in particular the JAK/STAT, epidermal growth factor (EGF) and Decapentaplegic (Dpp)/TGF-β pathways (Biteau and Jasper, 2011; Guo et et al., 2011). We therefore examined whether knockdown of Tnks in ECs resulted in increased expression of the ligands from these pathways using RT-qPCR. Indeed, we observed a 5-to 6-fold, and 3-to 4-fold increase in the levels of unpaired 2 and 3 (upd2 and upd3), respectively, two ligands of the JAK/STAT pathway that are expressed in ECs, whereas keren (krn) and dpp expression (ligands for EGF and TGF-β pathway, respectively) were increased only 1.5-to 2-fold (Fig. 8A) . Similarly, previous work had revealed that RNAi-mediated knockdown of the Wingless pathway components Arrow, Pygo or Tcf (Parker et al., 2002; Thompson et al., 2002; van de Wetering et al., 1997; Wehrli et al., 2000) in ECs also resulted in a preferential increase in upd2 and upd3 expression . Together, these findings suggested that loss of Tnks in ECs disrupts Wingless signaling and thereby results in the aberrant activation of JAK/STAT signaling in ISCs.
To test this hypothesis directly, we analyzed a stat-GFP reporter to monitor the activation of JAK/STAT signaling (Bach et al., 2007) . In wild-type posterior midguts, stat-GFP is expressed primarily in ISCs. However, in guts bearing Tnks mutant clones, the level of stat-GFP expression in ISCs was markedly increased both within and near the clones (Fig. 8B-E) , indicating that the JAK/ STAT pathway had been aberrantly activated in a non-autonomous manner. Similarly, we recently reported that the level of stat-GFP expression was aberrantly increased in ISCs by inactivation of Wingless signaling and this effect was found both within and near the clones (Fig. S7) . To determine whether the ectopic expression of Upd in ECs is responsible for the overproliferation of ISCs in Tnks mutants, we knocked down upd3 in ECs using two different RNAi lines and found that knockdown of upd3 was sufficient to suppress the increased number of ISCs in Tnks mutants (Fig. 8F) . Consistently, knockdown of upd3 in Tnks mutants restored the proliferation rate of ISCs to wild-type levels, as indicated by the number of pH3 + cells (Fig. 8G) . Taken together, these findings demonstrated that the disruption of Wingless signaling resulting from loss of Tnks in ECs induces the non-autonomous activation of JAK/STAT signaling in neighboring ISCs, and thereby results in their aberrant proliferation (Fig. 8H) .
DISCUSSION
Despite the recent focus on Tnks inhibitors as potential therapeutic agents for Wnt-driven cancers, the in vivo contexts in which Tnks is required to promote Wnt signaling have remained uncertain. Here, we addressed the function of the sole Drosophila Tnks protein in the regulation of ISC proliferation. This approach capitalized on fly genetics and circumvented the complications of functional redundancy in vertebrates. Our studies are the first to demonstrate, through analysis of null alleles under physiological conditions, that Tnks is essential for the same subset of Wingless-dependent processes that control ISC proliferation . Furthermore, our results reveal that the requirement for Tnks is spatially restricted to regions of relatively low Wingless pathway activation in vivo. Finally, we show that, like Wingless pathway components , Tnks prevents the non-autonomous activation of the JAK/STAT pathway in ISCs, and thereby prevents their aberrant proliferation. Together, our findings suggest that Tnks is essential for the Wingless-dependent control of ISC proliferation and thus for the maintenance of intestinal homeostasis, and elucidate the underlying mechanism. This work builds on the recent discovery that the activation of the Wingless pathway is graded along the length of the adult intestine, peaking at distinct compartment boundaries, but also present at low levels throughout intestinal compartments (Buchon et al., 2013; Tian et al., 2016) . We find that Tnks is not required unconditionally for signaling throughout the entire length of these gradients of Wingless pathway activity. Indeed, Tnks is essential for Wingless target gene activation and the control of ISC proliferation within compartments, where the levels of Wingless pathway activation are relatively low, but is dispensable for target gene activation at compartment boundaries, where Wingless pathway activity peaks. On the basis of these findings, we postulate that the spatially restricted requirement for Tnks reflects its role in the amplification of signaling. At low levels of Wingless pathway activation, the nuclear level of β-catenin might be near the threshold required for target gene activation and the increased Axin levels resulting from Tnks inactivation would lower β-catenin levels below this critical threshold. By contrast, at high Wingless concentration, β-catenin levels would surpass the threshold necessary for target gene activation, even following loss of Tnks. This spatially restricted requirement for Tnks might explain disparities in recent in vivo studies regarding the requirement for Tnks in Wnt-directed physiological processes (Feng et al., 2014; Huang et al., 2009) . Furthermore, our studies might have relevance for Tnks function in Wnt gradients in vertebrates, such as in the graded activation of the Wnt pathway along mammalian intestinal crypts. Moreover, the efficacy of Tnks inhibitors could reflect an essential function for Tnks in the amplification of pathway activity in Wnt-driven cancers. Depletion of Tnks has no obvious effects on wing development or the expression of Wingless target genes in larval wing discs unless Axin levels are raised above the endogenous level (Feng et al., 2014; Wang et al., 2016) . The threshold at which Axin levels inhibit Wingless signaling in wing discs is between 3-and 9-fold above the endogenous Axin level ) and more than 3-fold in embryos . However, the phenotypes resulting from loss of Tnks in the midgut resemble those resulting from disruption of the Wingless pathway and are rescued by reducing the Axn gene dosage. This finding suggests Tnks is crucial to maintain Axin levels below a physiological threshold and thus to ensure proper activation of Wingless signaling in midgut, and suggest that the threshold at which Axin levels disrupt signaling is lower in the adult intestine compared with other tissues. Alternatively, other mechanisms may promote Axin degradation to compensate for Tnks loss in other tissues or developmental stages, whereas such compensatory mechanisms might not exist in the adult intestine. As intestinal homeostasis is disrupted in Tnks mutants, the physiological functions of the midgut, primarily in digestion and absorption of nutrients, are likely to be impaired. Under standard lab conditions, Tnks mutant flies exhibit no obvious survival disadvantage when compared with wild-type flies. However, with limited nutrient supply, the integrity of the midgut becomes vital for maintaining organismal fitness.
Previous studies indicated that Wingless pathway activation is required autonomously for long-term ISC self-renewal and for ISC proliferation upon tissue damage (Cordero et al., 2012; Lin et al., 2008) . In addition, Wingless pathway activation in ECs controls ISC proliferation non-autonomously, and is thereby crucial to maintain intestinal homeostasis . Here, we have found that like Wingless pathway components, Tnks is essential for this process; Tnks inactivation disrupts the expression of Wingless target genes in ECs, leading to the hyperactivation of the JAK/STAT pathway and thereby the overproliferation of nearby ISCs. As observed for other Wingless pathway components, inactivation of Tnks in mutant clones results in aberrantly increased proliferation of neighboring ISCs. In addition, like other Wingless components, knockdown of Tnks specifically in ECs, but not in progenitors, results in ISC overproliferation, further supporting this nonautonomous mechanism. These findings suggest that to ensure proper proliferation of ISCs during homeostasis, the Wingless pathway status in ECs must be tightly regulated in a process that requires Tnks.
As the intestine serves as a crucial barrier against pathogens and toxins, the maintenance of intestinal integrity is essential for survival. Many conserved signal transduction pathways regulate ISC behavior following injury, including the EGF, JAK/STAT, Wingless/Wnt, TGF-β/Dpp and insulin pathways (Biteau and Jasper, 2011; Choi et al., 2011; Cordero et al., 2012; Guo et al., 2013; Jiang et al., , 2009 Lee et al., 2009; Li et al., 2013b; O'Brien et al., 2011; Tian and Jiang, 2014; Xu et al., 2011) . The interplay between these different signaling pathways ensures homeostatic renewal as well as rapid regenerative responses to injury. We provide evidence that loss of Tnks in ECs upregulates expression of upd2 and upd3 and thereby induces the aberrant activation of JAK/STAT signaling in ISCs, placing Wingless signaling upstream of the JAK/STAT pathway in the non-autonomous regulation of ISC proliferation. Therefore, this Tnks-dependent mechanism ensures that JAK/STAT signaling is largely repressed in ISCs under basal conditions, but is poised for rapid activation during the regenerative response to intestinal injury.
MATERIALS AND METHODS
Flies and genetics
The Tnks 503 and Tnks 19 mutants were isolated as described in supplementary Materials and Methods. Other stocks used were: esg-Gal4, UAS-GFP (Micchelli and Perrimon, 2006) , esg K606 (Micchelli and Perrimon, 2006) , Su(H)GBE-lacZ (Micchelli and Perrimon, 2006) , fz3-RFP (Olson et al., 2011) , nkd-lacZ (Zeng et al., 2000) , 10× stat-GFP (Bach et al., 2007) , hs-flp, UAS-mCD8:GFP; tub-Gal4, FRT82B, tub-Gal80 (Li et al., 2013a) , hs-flp, tub-gal4, UAS-dsRed; FRT82B, tub-gal80 (Guo et al., 2013) , hs-flp, tubGal80, FRT19A; tub-Gal4, UAS-mCD8:GFP (Choi et al., 2011) , FRT82B (BDSC), 82B pygo S123 (Thompson et al., 2002) , dsh V26 FRT19A (Klingensmith et al., 1994; Wehrli and Tomlinson, 1998) , tub>Flag-Axin; Axin s044230 (Peterson-Nedry et al., 2008) , Axin s044230 (Hamada et al., 1999) , BAC Axin-V5 integrated at the VK30 site (PBac{y[+]-attP-9A}VK00030) (Gerlach et al., 2014) , Myo1A-Gal4 (Karpowicz et al., 2013) , Myo1A-Gal4, tub-Gal80 ts , UAS-GFP (Jiang et al., 2009) , esg-Gal4, tub-Gal80 ts , UAS-GFP (Micchelli and Perrimon, 2006) , UAS-Tnks RNAi#1 (VDRC#106238), UAS-Tnks RNAi#2 (Tnks-RNAi-2) (Feng et al., 2014) , UAS-dsh RNAi (VDRC#31306), UAS-upd3 RNAi#1 (VDRC#106869), UAS-upd3 RNAi#2 (VDRC#27136), UAS-rpr3-5/TM3. Canton S flies were used as controls, and all crosses were performed at 25°C unless otherwise indicated. Only adult female flies were analyzed in this study.
Clonal analysis and RNAi experiments
Mitotic clones were generated using the MARCM system (Lee and Luo, 2001) . Adult flies were subjected to a 30 min heat shock in a 37°C water bath on the day of eclosion. dsh mutant clones were induced by two 2 h heat shocks, with at least 3 h between consecutive heat shocks. After heat shock, flies were maintained at 25°C for 4-6 days before analysis. For analysis of fz3-RFP expression (Fig. 4 and Fig. S2 ), clones were induced in 3rd instar larvae by a single 2 h heat shock and examined 1-2 days after eclosion, as fz3-RFP expression becomes less homogenous with age. For quantification of clone size, only clones in the posterior midgut were included in the analysis (Fig. 3C and Fig. 5G ). For RNAi experiments, crosses were maintained at 22°C and progeny of desired genotypes were collected on the day of eclosion and kept at 29°C for 7 or 10 days before dissection.
Antibodies
Antibodies against Axin and Tnks were generated as described in supplementary Materials and Methods. Both antibodies were used at 1:1000 for immunoblots. Other primary antibodies used were chicken anti-GFP (Abcam, ab13970, 1:10,000), mouse anti-Arm (DSHB, 1:20), mouse anti-Prospero (DSHB, 1:100), mouse anti-Delta (DSHB, 1:100), rabbit antidsRed (Clontech, 632496, 1:1000), mouse anti-β-gal (Promega, Z3788, 1:5000), rabbit anti-β-gal (MP Biomedicals, 559762, 1:5000), rabbit antiPdm1 (Lee et al., 2009 ) (gift from Dr Xiaohang Yang, Institute of Molecular and Cell Biology, Singapore, 1:200), rabbit anti-phospho-histone H3 (Ser10) (Millipore, 06-570, 1:1000), rabbit anti-cleaved Dcp-1 (Cell Signaling, 9578S 1:100), rabbit anti-Kinesin Heavy Chain (Cytoskeleton, AKIN01-A, 1:10,000 for immunoblots). Secondary antibodies used for immunostaining were goat or donkey Alexa Fluor 488 or 555 conjugates (Invitrogen, 1:400) and goat Cy5 conjugates (Jackson ImmunoResearch, 1:200) . Secondary antibodies used for immunoblots were goat anti-guinea pig HRP-conjugates (Jackson ImmunoResearch, 1:5000) or goat anti-rabbit HRP-conjugates (Bio-Rad, 1:10,000).
Immunostaining and immunoblots
For immunostaining, adult intestines were dissected in PBS, fixed in 4% paraformaldehyde in PBS for 45 min. For Delta staining, intestines were fixed in 8% formaldehyde, 200 mM sodium cacodylate, 100 mM sucrose, 40 mM potassium acetate, 10 mM sodium acetate and 10 mM EGTA for 20 min at room temperature (O'Brien et al., 2011) . Tissues were then washed in PBS with 0.1% Triton X-100, followed by incubation in PBS with 0.1% Tween-20 and 10% BSA for 1 h at room temperature. Incubation with primary antibodies was performed at 4°C overnight in PBS with 0.5% Triton X-100. Incubation with secondary antibodies was for 2 h at room temperature. Specimens were mounted in Prolong Gold (Invitrogen).
Fluorescent images were obtained on a Nikon A1RSi confocal microscope and processed using Adobe Photoshop software.
For midgut lysates used in immunoblots, midguts from 5-day-old adults were dissected in cold PBS, and then treated with 1× Trypsin in EDTA (Corning Life Sciences) for 2 h at room temperature. Tissues were washed with PBS and homogenized in 4× Laemmli loading buffer. Lysates were incubated for 5 min at 100°C before SDS-PAGE analysis.
RT-qPCR
Adult females were shifted to 29°C after eclosion for 7 days before analysis. Total RNA was extracted from 35 posterior midguts and cDNA was synthesized using M-MLV reverse transcriptase (Invitrogen). cDNA was analyzed in triplicate using the StepOnePlus Real-Time PCR system (Applied Biosystems). Expression of the target genes was measured relative to that of rpl32 (rp49). Experiments were performed three times with independent biological samples and representative results are shown in Fig. 8A . Primers used are listed in supplementary Materials and Methods.
Life-span assay
For the life-span assay, 5-day-old wild-type or Tnks 19/503 mutant flies were placed in empty vials containing a 4×2.5 cm piece of chromatography paper. As a feeding medium, 400 μl of 5% sucrose solution was applied to the paper. Flies were transferred to new vials with fresh sucrose solution each day. Sixty flies of each genotype were used in this assay and 15 flies were placed in each vial. Experiments were performed at 29°C.
Quantification and statistics
For ISC quantification, flies were stained with anti-Delta and anti-Prospero antibodies. Images of the R5a region (Buchon et al., 2013) were obtained with a 60× objective and the total number of Dl + cells in a field of 0.023 mm 2 were counted. Progenitor cells were identified by esg>GFP (Fig. 5F ), esglacZ (Fig. 6J) or by their smaller size, strong membrane-associated Arm and absence of nuclear Prospero (Fig. 7D ). For quantification, the total number of progenitor cells ( Fig. 5F and Fig. 7D ), or progenitor cells outside indicated clones (Fig. 6J) , was counted in a field of 0.032 mm 2 within R5a. In Tnks mutants, in which some ECs were also marked by esg>GFP, only progenitor cells were counted. For quantification of pH3 + cells, the total number of pH3 + cells in the posterior midgut of the indicated genotypes was counted. For quantification of stat-GFP immunostaining intensity, each stat-GFP + cell was identified using Imaris software (Bitplane). The mean intensity in cells within a field (40 μm×40 μm) surrounding a Tnks mutant clone or an equal field at least 50 μm away from the clone was measured. The relative intensity was calculated and shown in Fig. 8E . All t-tests were performed using Prism (GraphPad).
